
Materials Corrosion and Mitigation Strategies for APT:

Corrosion of Tungsten in an 800 MeV Proton Beam at the
Weapons Neutron Research Facility

R. Scott Lillard, Darryl P. Butt
Materials Corrosion & Environmental Effects Lab

MST-6, Metallurgy

Gordon Willcutt
TSA-10

Phil Ferguson
LER-MLNSC

Luke Daemen
LANSCE-LER

Gary Kanner
MST-6

Los Alamos National Laboratory
Los Alamos, New Mexico  87545

   submitted to:

Paul Lisowski
APT Project Office

March 14, 1996



2

Executive Summary

Real time electrochemical impedance spectroscopy data were acquired for a tungsten target

during proton irradiation in the Weapons Neutron Research Facility at LANSCE.  These

impedance spectra were generated prior to irradiation and during irradiation beam currents of 50,

151, 350, and 484 nA.  The data shows that the charge transfer resistance (inversely proportional

to metal dissolution rate) and the resistance associated with an adsorbed intermediate decrease with

increasing beam current.  These observations are consistent with three possible proton beam

effects:  1) an increase in surface temperature of the tungsten target,  2) photoelectric effects and, 3)

radiation induced corrosion.  Energy deposition and thermal hydraulic calculations predict that the

surface temperature of the tungsten target was less than 31oC at the maximum beam current.  This

temperature is too low to fully account for observed changes.  Moreover, substantial changes were

observed at beam currents as low as 50 and 151 nA.  Photoelectric effects, which may have arisen

from fluorescence of the cell or solution, are usually associated with increased resistance to

corrosion.  Here, a decrease in corrosion resistance with increasing beam current was observed.

Because the amount of beam time originally allocated for these experiments was limited,

the results presented here are preliminary.  More extensive research in this area is planned for early

June of 1997.  
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Introduction

Effect of Proton Irradiation on Electrode Potential  Simnad and Smoluchowski investigated the

effects of a 260 MeV proton beam on the open circuit potential of a tungsten target[1].  The sample

was 0.012" in diameter, annealed at 900o C, and degreased before being placed in the cell.

Electrode potentials were measured with respect to a saturated calomel cell by means of a vacuum

tube potentiometer.  The electrolyte was an oxygen-free, saturated KCl solution. They found 260

for increasing proton fluences that the potential of the tungsten sample became more positive

(anodic) as shown in Table 1.

Table 1 Effect of 260 MeV protons on the open circuit potential of tungsten (from ref. [1]).

Sample Number Proton Fluence

(p/cm2)

Change in W Potential

(mV)

0 0 0

1 1.8x1015 39

2  6.8x1015 47

3 2.2x1016 84

Their interpretation of the data was that the radiation field creates defects at the metal

surface which contribute, somehow, to the electrode potential increase.  They theorize that the

defects had to be large (dislocation lines or loops, or collapsed vacancy clusters) because isolated

vacancies and interstitial would presumably disappear rapidly given their proximity to the surface.

In order to test the hypothesis that defects at the metal surface were responsible for the observed

change in potential they irradiated a fourth sample and, after the irradiation, annealed it at 900o C.

After the annealing period they measured the electrode potential of the W sample and found that it

returned to its original value.  They concluded that the damage (and the corresponding enhanced

corrosion) is reversible and can be "baked out".  Unfortunately this does not account for a self
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relaxation in the electrode potential which may occur after the sample is removed from the proton

beam even in the absence of annealing.

A similar study on the proton irradiation of iron[2], addressed metal dissolution rates.  The

electrolyte was a pH 2 hydrochloric acid solution.  It was found that a fluence of 1x1016 p/cm2 lead

to an increase in the dissolution of the Fe2O3 oxide layer from 0.4 mg/cm2 in the absence of

irradiation to about 1.4 mg/cm2 during irradiation.

Focus of this Investigation   In this investigation Electrochemical Impedance Spectroscopy (EIS)

was used to characterize changes in a tungsten sample as a function of beam current at the

LANSCE Weapons Neutron Research facility (commonly referred to as the Blue Room).  These

experiments are complimentary to those which will be performed during the LANSCE A6 Target

Station irradiation experiments scheduled to begin in March, 1997 and a second irradiation at

WNR planned for June, 1997.

Electrochemical Impedance Spectroscopy is a powerful non-destructive technique for

measuring the corrosion rates of metals in aqueous environments[3,4,5].  In EIS a small

sinusoidal voltage perturbation (10 - 30 mV) is applied across the sample interface as a function of

frequency.  By measuring the transfer function of the applied ac voltage perturbation and the ac

current response of the material, an impedance results (Zω=Vω/Iω).  In the simplest sense, at low

frequencies the material behaves as a resistor and Zω=(Rsol+Rpol) where Rsol is the ohmic

resistance due to the solution and Rpol is the polarization resistance of the metal sample.  At high

frequencies, the material behaves as a capacitor and, therefore, offers no resistance to current.  As a

result Zω=Rsol.  By measuring Zω over a wide frequency range the solution resistance can be

subtracted from the polarization resistance.  From Rpol  the corrosion rate (CR) for a sample can be

determined from the relationship: CR=A(1/Rpol ) where A is a constant.

This description of EIS assumes that the system being investigated behaves as a simple

Rondles' circuit.  This circuit may be characterized by its electrical equivalents: a series resistor
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representing the geometric solution resistance which acts in series with a combination parallel

resistance and capacitance representing the charge transfer and double layer capacitance

respectively.  Most electrochemical systems, however, do not behave in this manner.  This is no a

drawback, rather, an advantage of EIS.  Specifically, it allows the investigator to characterize many

of the properties of an electrochemical system in addition to the charge transfer resistance and the

double layer capacitance.

Experimental

Experiments were conducted in the Weapons Neutron Research facility at LANSCE.  This

facility provided easy access to a proton beam for a conventional three electrode electrochemical

cell (discussed below).  The proton beam measured approximately 1-2 cm in diameter (σ=4-8

mm) and had an energy of 800 MeV.  The proton beam had a characteristic macropulse repetition

rate of 20 Hz and a gate length of 625 microseconds (Figure 1).  Beam currents were controlled by

varying the spacing between each micropulse (and therefore the number of micropulses) in the

gate.  Nominally, the currents varied between 50 and 500 nA (Figure 1).

A “half-round” tungsten sample was fabricated from a 99.96% tungsten rod, 1/8” in

diameter (Figure 2a).  This sample served as both the proton beam target and the working

electrode (WE) for our electrochemical measurements.  The flattened region of the half-round

sample faced the beam and measured 2 cm x 0.31 cm.  The total surface area exposed to solution

measured 1.7 cm2.  No masking of the sample was employed to minimize solution contamination

from radiation damage and crevicing.  The sample volume exposed to the proton beam was

approximately equal to 0.614 cm3.  The three electrode electrochemical cell used in these

experiments is shown in Figure 2b.  In addition to the W target, this cell also contained a platinum

mesh counter electrode (CE) and a Saturated Calomel (SCE) reference electrode (RE).  It has been

reported that SCE maintains its stability after gamma irradiation at integrated dose rates of 1x104 to



6

9x108 rads[6].  Here, some discoloration of the plastic parts in the SCE (Vicor tip, shrink tubing,

SCE body) was noted after the irradiation period but no structural damage to them or the cotton

wadding was observed.  The solution (0.1M NaCl) was pumped through the cell (and across the

W target) at a rate of 1.02 L/min with a peristaltic pump from a 1 gallon reservoir.  This was done

to minimize build up of radiolysis products and heating of the W target due to energy deposition

from the proton beam.  The maximum cell temperature recorded during the irradiation was 26.0o

C.  Room temperature was approximately 24.5o C.  

All electrochemical measurements were performed with a floating ground system.  This

was done to eliminate errors that may have been introduced by ground loops.

Rep Rate
20 Hz gate

625 micro sec

micropulse
spacing

Time

0

macropulse

micropulse

Micropulse Spacing (micro sec.): 50 nA - 10
141 nA - 3.6
351 nA - 1.4
484 nA - 1.1

Figure 1  Diagram depicting proton beam profile at the Weapons Neutron Research facility at
LANSCE.  The spacing between each micropulse is also given with respect to the beam current.
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Figure 2 Diagrams depicting  a) “half-round” tungsten target and  b) electrochemical flow
cell used in WNR irradiation experiments.  WE denotes working electrode (W target), RE denotes
reference electrode (SCE) and, CE denotes counter electrode (platinum mesh).

Results and Discussion

Effect of Beam current on the Open Circuit Potential   The open circuit potential (OCP) for

tungsten in the WNR flow cell as a function of time is shown in Figure 3.  When the proton beam

was turned on (2 nA beam current) to align the cell with the beam center line a small positive shift

in the OCP from its steady state value of -0.305V SCE to a value of -0.295V SCE was observed.

After alignment, the OCP began to decrease towards its original value.  As shown in Figure 3,

soon after alignment the proton beam was turned on at 50 nA.  Correspondingly, a large positive
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increase in the OCP was observed.  While the OCP for W shifted to more positive potentials with

increasing beam current, the change in OCP decreased and appeared to plateau around -0.220V

SCE (Figure 4).  However, because the sample was polarized to 0.0V SCE between OCP

measurements the accuracy of the measurement above 50 nA was uncertain.
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Figure 3 Open circuit potential for W in flow cell with 0.1M NaCl.  Plot shows pre-beam
values, change in OCP during positioning of beam, and value during irradiation at 50 nA.
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Figure 4 Open circuit potential for W in 0.10M NaCl as a function of proton beam current.
Plot also shows change in open circuit potential from previous value as a function of beam current.  

Proton Beam / Tungsten Oxide Interactions   Because EIS measurements at the OCP may not

have distinguished between increased in cathodic reaction kinetics (which will result from

hydrogen peroxide production) and radiation “enhanced” anodic reaction kinetics, all EIS

experiments for W reported in this paper were measured at an applied anodic potential of 0.0 V

SCE.  This potential is near the mass transport limited dissolution rate for W in 0.10M NaCl

(Figure 5).

Typical EIS data before the beam was turned on and for beam currents of 141 nA and 484

nA are presented in Figure 6 in the form of Nyquist plots.  These graphs plot the imaginary

impedance as a function of the real component of the impedance.  Recall that impedance, Z(ω),

has both real and imaginary components:

Z(ω) = Z(ω) real + jZ(ω )imag
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where Zreal and Zimag  are the real and imaginary components respectively and j = (-1)1/2.  In Figure

6 Z real is represented by Z’ and the Zimag  by Z”.  As seen in Figure 6, there is a precipitous

decrease in impedance of the tungsten target at any one frequency as beam current is increased.

It has been shown by Armstrong, Edmoson and Firman[7] that the dissolution mechanism

for W is mass transport limited at the solution / electrode interface..  The equivalent circuit model

for this behavior is presented in Figure 7a where: Rct  is the impedance associated with the charge

transfer reaction, Cdl is the capacitance associated with the double layer and W is a diffusional

impedance (also referred to as a Warburg type impedance[8,9]).  While the results presented in

Figure 6 are consistent with this model, having extended our measurements to lower frequencies

than those used by Armstrong we are able to replace the Warburg impedance with the parallel RC

combination as shown in Figure 7b where: Ras represents the discharge of an
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Figure 5 Potentiodynamic polarization curve for tungsten in 0.10M NaCl (pH 5.2).  Forward
and reverse scan directions are indicated by arrows.
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Figure 6 Nyquist plots for the WNR tungsten target in 0.10M NaCl as a function of proton
beam current.

adsorbed species and Cas capacitance associated with an absorbed intermediate[10,11].  Cas is often

referred to as an adsorption psuedocapacitance[12].   R as and Cas are not to be confused with

traditional fixed resistive and capacitive elements however, as their impedance becomes infinite in

magnitude at zero frequency  A complex non-linear least squares fit of the EC in Figure 7b to the

data in Figure 6 (484 nA data) is presented in Figure 8.  Table 2  presents a summary of Ras and

Rct  for all beam currents.
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Figure 7a, b  Electrical equivalent circuit representing the tungsten corrosion system where in a
Rct  represents the charge transfer resistance (inversely proportional to metal dissolution rate), Cdl

represents the double layer capacitance, Rsol represents the geometric solution resistance, and W
represents a Warburg type diffusional impedance;  in b:  Ras represents the resistance of the an
adsorbed intermediate and Cas represents an adsorption psuedocapacitance.
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 Figure 8 Nyquist showing the tungsten target in 0.10M NaCl during irradiation at 484 nA
and the fitted data based on the EC presented in Figure 7. As shown in this figure, the high
frequency time constant was attributed to the charge transfer resistance while the low frequency
time constant was attributed to an adsorbed intermediate.
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Table 2 Curve fit data for the WNR  tungsten target in 0.10M NaCl as a function of beam
current.

Beam Current
nA

Rct
ohm cm2

Ras
ohm cm2

pre-irradiation 174 diffusion

50 146 89

151 139 84

350 123 82

484 119 80

1 hr post 140 88

12 hr post 178 95

Energy Deposition and Thermal Hydraulic Calculations  To determine the effects of energy

deposition (from the proton beam) on the surface temperature of the tungsten target, energy

deposition and thermal hydraulic calculations were performed.  The distribution of beam energy

across the sample is Gaussian in nature.  Assuming a sigma of 4mm (2σ=0.8cm) the peak power

density at a beam current of 1nA was calculated to be 3.36x104 W/m3.  This assumption is

conservative, as the beam spot was likely closer to 2 cm in diameter as opposed to 1 cm.  For the

beam currents examined here the peak power densities were therefore:  1.68x106 W/m3, 4.74x106

W/m3, 1.18x107 W/m3 and 1.63x107 W/m3.  

The solution velocity past the half round tungsten rod of diameter 0.318 cm for a cell ID of

1.9 cm x 1.9 cm and a solution flow rate of 17.07 cm3/s (1.024 L/min) was 5.16 cm/s.  For the

remainder of the cell the velocity was approximately 4.73 cm/s.  The Reynolds number for the

minimum area around the W sample was 183 while that for the remainder of the cell was 168.
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The heat transfer coefficients calculated for the given maximum and minimum velocities using a

cylinder model[13] are 2667 and 2553 W/m2-C respectively.  

The estimated surface temperatures for the tungsten target were calculated using 2

approximations.  The first assumes a half round rod of the diameter used in these experiments.

The maximum surface temperatures (for a beam current of 484 nA) are 4.8o and 5.1o C above the

water temperature (30.8o and 31.1o C).  In this model the sample temperature distribution was

determined to be essentially uniform as the ∆T from the center of the sample to the sample surface

in this model was only 0.03 o C.  The second model used the actual half round rod geometry of the

actual tungsten target and the assumption of uniform surface heat flux.  For this model the

maximum surface temperatures (for beam currents of 484 nA) were only 3.0 and 3.1o C above the

water temperature (29.0o and 29.1o C).  Because the reaction rate scales with RT/nF where T is the

temperature in degrees Kelvin, from these results we can conclude that surface temperature effects

are not a factor which must be considered in the in-beam experiments.

Fluorescence - Photoelectrochemistry  During the course of our WNR experiments some

luminescence of the target / cell was observed at higher beam currents.  The source of this effect is

unknown.  It may have been due to interaction of the beam with quartz cell or possibly the

interaction with the solution.  For example, the proton beam may excite electrons in the quartz cell

which, during their relaxation process, emit photons of various wavelengths in the UV-vis range

(fluorescence).  The passive oxide which forms on tungsten (WO3) is a semiconductor with a

band gap of 2.6 ev[14], and has been shown to produce photoelectric currents when exposed to

light from a Xenon lamp[15].    Photoelectrochemical effects are usually associated with increased

resistance to corrosion.  Here, a decrease in corrosion resistance with increasing beam current was

observed.
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